Many people affected by debilitating neuromuscular disorders such as amyotrophic lateral sclerosis (ALS), brainstem stroke, or spinal cord injury, are impaired in their ability to, or even unable to, communicate. A Brain-Computer Interface (BCI) uses brain signals, rather than muscles, to re-establish communication with the outside world. One particular BCI approach is the so-called "P300 matrix speller" that was first described by Farwell and Donchin in 1988. It has been widely assumed that this method does not depend on the ability to focus on the desired character, because it was thought that it relies primarily on the P300 evoked potential and minimally if at all on other EEG features such as the visual evoked potential (VEP). This issue is highly relevant for clinical application of this BCI method, because eye movements may be impaired or lost in the relevant user population.
Introduction
Many people affected by debilitating neuromuscular disorders such as amyotrophic lateral sclerosis (ALS), brainstem stroke, or spinal cord injury are impaired in their ability to or even unable to communicate with their family and caregivers. A Brain-Computer Interface (BCI) uses brain signals directly, rather than muscles, to re-establish communication with the outside world. One well-known BCI approach is the so-called "P300 matrix speller" that was first described by Farwell and Donchin in 1988 . In this system, the user pays attention to a character in a matrix while each row and column is intensified in a random sequence. The brain produces a response to the row or column that contains the intended character The goal of this study was to determine to what extent performance in a "P300" speller depends on eye gaze. We hypothesized that fixation of the target item would produce both a P300 and a VEP, while fixation of a location other than that of the target would produce a P300 and a much smaller VEP. We also hypothesized that the 8-channel montage that had previously been optimized for target fixation is suboptimal when the eyes do not fixate the target. Furthermore, we hypothesized that the richer information (i.e., about target or nontarget stimuli) in the target fixation condition would result in better speller performance (i.e., higher accuracy). Our results from 15 subjects unequivocally support these hypotheses, and thereby disprove the assumption that the performance of the "P300" speller does not depend on the subject's ability to fixate the target character.
Methods

Human Subjects
We collected a total of 17 datasets of 8-or 64-channel EEG from 15 right-handed subjects (two subjects participated twice) using the general-purpose BCI software platform BCI2000 (Mellinger and Schalk 2007; Schalk et al. 2004; Schalk and Mellinger 2010) . The subjects were 6 females and 11 males, aged 20 to 62. All subjects had normal or corrected-to-normal vision, and gave informed consent through a protocol reviewed and approved by the Wadsworth Center Institutional Review Board.
Experimental Paradigm
Subjects sat 60 cm (± 6 cm) in front of a at-screen monitor. They were presented with a 6×6 matrix of 36 alphanumeric letters and numbers that was centered on the screen (see Fig. 2 ). At this distance, the matrix subtended ± 7.1 degrees of the visual field both horizontally and vertically. Eye gaze was measured 60 times per second by an eye tracker (Tobii T60, Tobii Technology, Inc., Sweden) that was integrated with the at-screen monitor. These eye-gaze coordinates were acquired by BCI2000 along with the ongoing EEG and stored to disk. In addition, they were also used online to control for gaze direction as described below.
Each subject participated in one two-hour session. In this session, we collected data during two experimental conditions. In Condition 1, the "letter" condition, the subject was asked to gaze at the target item. In Condition 2, the "center" condition, the subject was asked to gaze only at a fixation cross located in the center of the screen while paying attention to the target item. In both conditions, the subject was asked to note every time the target ashed. The fixation cross was color-and intensity-matched to the matrix elements and, in Condition 2, it rotated by 45 degrees if the subject shifted eye gaze more than 2.8 deg from the cross for more than 300 msec. Appropriate eye gaze in these two conditions was also verified offline as described later.
The subjects performed a total of 24 runs -12 for each task -in an alternating fashion. Each run presented four different target items in succession (i.e., four trials), using 15 ashes (i.e., 15 ashes of each row and each column for each of the four targets). Each intensification lasted 125 ms and was followed by an interval of 125 ms at a contrast ratio of 5:1. An 8-sec pause between trials gave the subject time to shift attention (and, in Condition 1, eye gaze also) to the new target, which was presented in the center (i.e., (instead of the fixation cross) for the first 5 sec of the 8-sec pause, and was also present throughout the trial on the top left of the screen.
Each run was balanced and block randomized such that it contained one target from each matrix quadrant and one target at each of four of the six possible distances from the center (i.e., the fixation cross). The sequence of 12 runs was presented in the opposite direction for the two experimental conditions (i.e., the first run of the first set of four targets for the "letter" condition was the last run for the "center" condition). All subjects that participated in this study had successfully used the "P300" matrix speller prior to this study. Because Condition 2, the "center" condition, may be a more complicated task than that in Condition 1, one practice run familiarized them with both conditions prior to the actual data collection.
Data Collection
In 10 subjects (Group A), we recorded EEG from 8 scalp locations (Fz, Cz, P3, Pz, P4, PO7, Oz, PO8) using an 8-channel analog amplifier (g.MOBIlab, g.tec, Austria). In 7 subjects (Group B), we recorded EEG from 64 scalp locations (extended 10-20 montage (Sharbrough et al. 1991) ) using a 64-channel digital amplifier (g.USBamp, g.tec, Austria). For both groups, the left and right mastoids served as ground and reference, respectively (see Fig. 2 ). The 8-channel Group A montage had previously been shown to provide performance on the "P300" speller similar to that of the full 64-channel Group B montage . The 64-channel data of Group B allowed us to define the topographies of the responses to the ashing stimuli. Both amplifiers sampled the signal at 256 Hz and used a high pass filter and a notch filter to remove frequency components be low 0.1 Hz and at 60 Hz, respectively. In addition to the 8 or 64 EEG channels, eye gaze coordinates were independently acquired 60 times per second for the left and right eyes, aligned with the EEG data, and stored.
Feature Extraction
In offline analyses, we first filtered the signal between 0.1 and 20 Hz and downsampled it to 40 Hz. We then extracted the stimulus response, which was defined as the 750 ms of EEG after stimulus onset from all eight channels of the optimized montage (i.e., the same channels whether 8 or 64 channels were recorded). This yielded 30 features (i.e., 40 × 0.75 = 30) per channel or a total of 240 features for all 8 channels. Each sequence had 12 stimuli, i.e., ashes of 6 rows and 6 columns of the matrix. Of these 12 ashes, two included the target and thus elicited a target evoked potential (EP), while the other ten did not include the target and thus elicited a non-target EP. The 15 sequences in each each trial (i.e., with each target) yielded 30 target EPs and 180 non-target EPs. Because a subject performed 48 trials in each of the two conditions, we had a total of 1320 target EPs and 7920 non-target EPs from each subject.
Modeling and Evaluation
We used previously established methods ) to discriminate target EPs from non-target EPs. In particular, we used a stepwise regression (p enter = 0.1, p remove = 0.15, Jennrich 1977) to reduce the 240 features to a maximum of 60 features. The regression established a linear model that predicted from the selected features whether a particular row or column did or did not contain the target. This model was constructed and evaluated using a leave-one-out cross validation scheme. Thus, in each of the 12 folds of this cross validation, a model was constructed using 11 out of 12 runs (i.e., 44 targets) and was tested on the remaining run. Each run served once as the test run. For each trial, the intersection of the row and column that analysis indicated produced a target EP defined the predicted target. Chance accuracy was 1/36, or 2.8% ( ). We calculated the average classification accuracy for the 12 cross validation folds.
Verification of Behavioral Compliance
Because the two experimental conditions in this study were set up to assess differences in the EEG that were related to the gaze location, it was critical to verify that the subjects actually fixated on the target in the "letter" condition and on the fixation cross in the "center" condition. As described above, in the "center" condition the subjects received immediate visual feedback if they looked away from the fixation cross for more than 300 ms, but the trial was not aborted. To verify that the subjects did maintain gaze as instructed, we also analyzed the gaze data offline. The results are summarized in Fig. 4 . The traces show the distributions of the horizontal (for the six columns) or vertical (for the six rows) distances of gaze location from the fixation cross for the two conditions. The red trace ("letter" condition) shows six peaks for the six rows/columns, while the blue trace ("center" condition) shows only one peak sharply focused on the fixation cross. These data show that the subjects did follow the instructions, that is, they looked at the target in the "letter" condition and at the fixation cross in the "center" condition. It is relevant to note that the subject's behavior during the "letter" condition (i.e., looking at the target) using the instructions used in this study (i.e., to fixate on the target) was comparable to that using the common instructions (i.e., to focus attention on the target, see Supplementary Figure Fig.  A3 ).
Results
Effect of Condition on Classification Accuracy
The main results of this study are shown in Fig. 5 . This figure shows the classification accuracy (i.e., the accuracy in identifying the target) for the two conditions as a function of stimulus repetitions. All subjects performed significantly better (pairwise t-test, p < 0.001) for Condition 1, the "letter" condition, than for Condition 2, the "center" condition. The final classification accuracy after 15 stimulus repetitions (i.e., the right-most data point in each trace) ranged from 80% to 100% for the "letter" condition and from 2.8% (i.e., chance level) to 90% for the "center" condition. These offline analyses showed that the target could be identified with 100% accuracy for the majority (53%) of subjects for the "letter" condition. In contrast, accuracy did not reach 100% for any subject during the "center" condition, and reached at least 50% in only 47% of the subjects.
Effect on Accuracy of Gaze Distance from the Center
Expanding on the results shown in the previous section, we determined whether accuracy depended on the distance between the target and the fixation cross. We hypothesized that this distance would not affect classification accuracy when the subjects fixated on the target (Condition 1), but would adversely affect accuracy when the subject fixated on the center (Condition 2). Blue and red traces in Fig. 6 show for Conditions 1 (red) and 2 (blue) the accuracy for all subjects for whom accuracy with 15 stimulus repetitions was > 50% as a function of distance of eye gaze from the center. The results confirm our hypothesis: in Condition 2 only, accuracy declined as the distance of the target from the center increased (i.e., as the target moved from near the center of the visual field toward the periphery).
Effect of Electrode Montage on Classification Accuracy
We also determined whether accuracy would be increased by a larger number of electrodes. As described above, in the 10 subjects of Group A we recorded EEG using an 8-channel montage that had previously been optimized for the "P300" speller , while in the 7 subjects of Group B we used a full 64-channel extended 10-20 montage (Sharbrough et al. 1991) . In offline analysis of the Group B data, we compared accuracies for the optimized 8-channel montage and the full 64-channel montage (see Fig.  3 ). The results are shown in Fig. 7 for the two montages and the two conditions. For both conditions, the 64 channel montage consistently yielded higher accuracies. Consistent with a previous study , the superiority of the 64-channel montage over the optimized 8-channel montage was modest (4.4%, p = 0.34, pairwise t-test) for Condition 1 (red). In contrast, the improvement with the larger montage was much greater for Condition 2 (18.7%, p < 0.01, pairwise t-test). These results suggest that when a subject does not fixate the target, a different (or larger) montage may be helpful.
Effect of Fixation Task on EEG Responses
The results presented in Section 3.1 show that all subjects performed significantly better in Condition 1 than in Condition 2 (pairwise t-test, p < 0.001). We were interested in the physiological basis for this difference. To assess the effect of condition on the actual responses to the target and non-target stimuli, we calculated, for each subject's data under each condition, signed squared correlation coefficient (r 2 ) values for each time segment of the target and non-target responses at each of the 8 electrodes of the optimized montage. We then calculated the average Condition 1 and Condition 2 results across all subjects. The results are shown in Fig. 8 . Fig. 8A and Fig. 8B show the signed r 2 time courses and raw EEG time courses, respectively, for Condition 1 (red) and Condition 2 (blue). The Condition 1 traces show early components around 180 ms after stimulus onset that are absent in the Condition 2 traces. The P3 components appear to be delayed and smaller in amplitude for the "center" task. Fig. 8C -D show color-coded topographies for the 8-channel and 64-channel datasets, respectively. The topographies are consistent for the 8-channel and 64-channel datasets. They show an early VEP component that is focused on visual/occipital areas, with polarity reversal over central and frontal locations, as well as a following P3 component that is focused on central-parietal areas. The early VEP component is missing for the "center" task. We quantified the impact of this early VEP component on classification accuracy by running similar analyses as before, except that we excluded all data between 0 and 250 ms post stimulus. Compared to the results that included all data, the results show a significant reduction in classification accuracy (16%, p < 0.01) for Condition 1, the "letter" condition, and no change (0%, p = 0.9) for Condition 2, the "center" condition.
Discussion
This study shows that accuracy of the "P300" speller is affected by gaze direction: fixating on the target (as in Condition 1) produces substantially better classification than fixating on a center point (as in Condition 2). These results suggest that online performance of a "P300" speller-based BCI can be expected to be substantially reduced when subjects do not gaze at the desired item. We also found that accuracy decreases as the distance between the gaze fixation point and the target increases. Finally, we found that the 8-channel montage, which focuses on central parietal and occipital areas and has previously been optimized for the "P300" matrix speller , is suboptimal when subjects do not gaze at the target. Detailed analysis of the target and non-target responses indicates that the decreased performance when the subject does not gaze at the target is due mainly to the lack of an early response over posterior (i.e., visual) cortex. These findings are in general alignment with a recently performed study (Treder and Blankertz 2010) . In Figure A1 , we demonstrate that task-related ERPs between 50-400 ms are negatively correlated with distance to the center point. Together with the fact that P300 evoked responses have not been reported to occur around 180 ms and over visual areas, these results suggest that the matrix speller BCI usually depends, as has been previously shown, on the P300 ERP that is evoked by the recognition of the desired stimulus, but also on a visual ERP that is evoked by the ashing target stimulus.
Our results may explain in part why "P300" speller performance in ALS patients tends to be lower than that in healthy subjects (Nijboer et al. 2008; Sellers, Kübler and Donchin 2006; Vaughan et al. 2006) . At the same time, further studies are needed to determine the relationship of gaze and performance in ALS patients, and to optimize the montage for this population. In summary, our findings suggest that the clinical applicability of the "P300" matrix speller in subjects with impaired gaze may be limited. In such subjects, an auditory "P300" matrix speller (e.g., Furdea et al. 2009; Klobassa et al. 2009; Schreuder et al. 2010 ) may prove useful.
The percent of subjects (94%) with high accuracy (i.e., 80-100% correct) in Condition 1 was similar to that found in a recently published study ) that allowed the subjects to gaze directly at the target.
The accuracy shown in this study declines with increasing distance of the target from the center of foveation due mainly to the lack of an early response over posterior (i.e., visual) cortex. Because of the relationship between the visual acuity and the VEP amplitude (De Keyser et al. 1990; Sherman 1979; Westheimer 1965) , we expected a more extensive decline in accuracy. This was not the case. Supplementary Figure Fig. A1 shows a decline over the distance for the VEP (i.e., 50-200 ms) and the P300 (i.e., 250-400 ms) responses, while the amplitude of the late ERP (i.e., 400-600 ms) response increases. This increase in amplitude of the late ERP may explain the less extensive decline in accuracy with increasing distance of the target from the center of foveation. As a side note, this change of the ERP component amplitude with increasing distance of the target from the center of foveation did not affect the generalization of the classifier as Fig. A2 shows. Wiesel (1959, 1962) showed that the visual cortex performs neuronal processing of spatial frequency, orientation, motion, direction, speed, and many other spatiotemporal features. A recent study (Martens et al. 2009 ) showed that these properties of the visual system can be exploited to increase the amplitude of the EEG response, and thereby the overall classification accuracy. Di Russo et al. 2002 showed the same polarity reversal of the early VEP components between visual/occipital cortex and central and frontal locations that we observed in Condition 1 (see Section 3.4).
The optimization of "P300" stimulation parameters is usually based on data from normal subjects obtained in Condition-1-like circumstances (i.e., the subject is allowed to gaze at the target). Our results suggest that such optimization is determined more by the VEP than by P300 (Gonsalvez and Polich 2002) . Thus, the lack of early VEP components over visual/ occipital cortex, with polarity reversal over central and frontal locations, in Condition 2 (see Section 3.4) suggests that optimization based on data from normal subjects Takano et al. 2009 ) may not generalize well to subjects in whom gaze control is impaired.
Two aspects of the study methodology may have exaggerated the actual difference in accuracy between the two conditions. That is, the improvement produced by gazing at the target rather than at a central fixation point may not be as great as the the present data imply. First, Condition 2, the "center" condition, is a more demanding task than is Condition 1, the "letter" condition. In Condition 1, the subject has only to look at the target and pay attention to it, while in Condition 2 s/he has to look at the fixation cross and pay attention to the target. Tasks that require greater amounts of attentional resources have been shown to elicit smaller and delayed P300 responses than tasks that require lesser attentional resources (Kok 2001; Polich 1987) . This is consistent with our results shown in Section 3.4. This could account for much of the difference in accuracy between the conditions summarized in Fig. 5 . Furthermore, it is possible that with continued practice, the subjects might improve their performance on the more difficult task of Condition 2, and thereby reduce the difference in accuracy between the two conditions. Second, given the inverse relationship between visual acuity and distance from the point of gaze (e.g., Westheimer 1965), under Condition 2, 32 of the 36 possible targets (see Figure 2) were at a disadvantage because some of their non-target competitors (i.e., some of the possible mistakes) were closer to the point of gaze. This finding suggests that, if the impact of having non-targets closer to the fixation point than the target were eliminated (e.g., by having all possible targets in a circle centered on the fixation point), Condition 2 accuracy would improve, and the superiority of Condition 1 would be less marked.
To verify that these aspects did not affect the main result of this paper, i.e., that the performance of the "P300" matrix speller in normal subjects not only depends on the P300 evoked potential, but also on other EEG features such as the visual evoked potential (VEP) that strongly depend on eye-gaze direction, we conducted the following analysis. We hypothesized that the classification accuracy in Condition 1, the "letter" condition, that is unaffected by both before-mentioned aspects, would significantly decrease if the visually evoked potential (VEP) were not used. Thus, we compared the classification accuracy within Condition 1, the "letter" condition, when we used either all data (i.e., 0-800 ms after stimulus presentation) or data that excludes VEP components (i.e., 300-800 ms). ERPs that depend on eye gaze such as VEPs are known to occur 150-350 ms post stimulus, while P300 ERPs are known to occur 300-600 ms post stimulus. The results shown in Fig. A4 demonstrate that 14/17 subjects performed significantly worse when the ERPs used for classification were restricted to 300 to 800 ms compared to when they were not (29.6%, p<0.05, pairwise t-test). This confirms our hypothesis and proves that the main result of this paper is not affected by the two aspects mentioned above. At the same time, it is important to remember that the results of this analysis were done in healthy subjects and may not be identical to those for people with impaired eye-gaze.
Visual crowding (Korte 1923; Strasburger 2005) , i.e., the impaired recognition of a suprathreshold target due to the presence of distractor elements in the neighborhood of that target, may have also had an adverse effect on the classification accuracy in Condition 2, the "center" condition. Crowding is inevitable in the matrix "P300" speller and can only be avoided by arranging the letters in a circle rather than a matrix.
Finally, while we controlled for eye movements in this study, we did not control for or eliminate very small or very brief eye movements. Such movements, e.g., micro-saccades (Cornsweet 1956 ), contribute to maintaining foveal visibility by continuously stimulating neurons in primary visual areas (Rolfs 2009 ). While it is known that ALS can impair eyegaze (Cohen and Caroscio 1983; Palmowski et al. 1995) , the effect of ALS on such saccades has not yet been studied. Thus, the difference between the results shown here and the results that can be expected in people with ALS is currently unclear.
Further studies are needed to optimize P300 recording montages and stimulation and analysis parameters and to evaluate the effect of online feedback and extended training in this user population.
In summary, this study shows in normal subjects that the classification accuracy of the "P300" matrix speller BCI is substantially improved when the subject gazes directly at the target. Thus, the study disproves the widespread assumption that the performance of the "P300" speller does not depend on fixating the target. Further research is needed to determine whether this effect is similarly prominent in the potential user population (e.g., people severely disabled by ALS), and whether their performance can be improved by modifications in montage selection, algorithm parameterization, or other aspects of BCI operation.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Subjects were presented with a matrix on a computer screen. There were two experimental conditions. In condition 1 ("letter"), the subject was free to gaze at the target (e.g., the letter F). In condition 2 ("center"), the subject was asked to gaze at a fixation cross in the center of the matrix. Fixation was verified in real time by an eye tracker. EEG from group B was recorded from the 64 locations shown here (extended 10-20 montage (Sharbrough et al. 1991) ). EEG from group A was recorded from an optimized subset of 8 electrodes (shown in blue) . The traces show the distributions of the horizontal (for the six columns) or vertical (for the six rows) distances of gaze location from the fixation cross for the "letter" condition (red) and the "center" condition (blue). Shading shows standard deviation across subjects. As expected, classification accuracy steadily increases with number of stimulus repetitions. Accuracy is substantially greater for the "letter" condition than for the "center" condition. Average signed r 2 traces (A) and wave forms (B) for the two tasks. The traces show negative early VEP components around 180 ms post stimulus for the "letter" task (red traces). P3 components appear to be delayed and smaller in amplitude for the "center" task (blue traces). (C,D): Topographies show an early VEP component (topographies at 180 and 300 ms) for the "letter" task that is absent for the "center" task. Topographies also show a classical P300 response (topographies at 420 ms).
